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Abstract
We investigate the production of charginos and neutralinos at a 500 GeV e+e− collider
(NLC) and study their decays to the lightest neutralino, which then decays into multi-
fermion final states through couplings which do not conserve R-parity. These couplings are
assumed to affect only the decay of the lightest neutralino. Detailed analyses of the possible
signals and backgrounds are performed for five selected points in the parameter space.
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1. Introduction: Non-conservation of R-Parity
The Minimal Supersymmetric Standard Model (MSSM) is currently the most popular option[1],
for physics beyond the Standard Model (SM). A large part of contemporary effort in the search for
new physics has, therefore, been devoted to searches for supersymmetry[2]. One of the cornerstones of
most of these search strategies is the large missing energy and momentum signatures generated by an
undetected neutralino, believed to be the lightest supersymmetric particle (LSP). This is constrained
to be stable and weakly-interacting with matter because of conservation of a quantum number called
R-parity, which is defined[3] to be
R = (−1)3B+L+2S (1)
where B,L and S represent, respectively, the baryon number, lepton number and intrinsic spin of the
particle. This corresponds to the introduction, by hand, of a discrete Z2 symmetry in the MSSM
Lagrangian. Eq. (1) implies that R = 1 for all SM particles and R = −1 for all their supersymmetric
partners (sparticles). In the SM, R-parity is trivially conserved, since each of B,L and S are sepa-
rately conserved. The immediate consequence of R-parity conservation in the MSSM is that sparticles
appear in pairs at each interaction vertex. Thus, each sparticle decays into another sparticle while, as
mentioned above, the LSP cannot decay at all. Moreover the LSP must interact with matter through
exchange of other (off-shell) sparticles. Since all the sparticles are known to be heavy, with masses
of the order of the electroweak scale, the LSP’s interaction with matter must be of weak strength;
consequently, like the neutrino, it should escape most detectors. This leads to the missing energy and
momentum signatures mentioned above. Such a stable particle is also a prime dark matter candidate[4]
and, hence, must be neutral and weakly-interacting. The best candidate for the LSP in the MSSM
is the lightest neutralino, and most experimental searches[2] for supersymmetry assume that this is
indeed the case.
Since the conservation of R-parity plays such an important role in the search for supersymmetry,
it is important to examine the reasons why it is believed to be a conserved quantum number. To see
this, we note that the most general superpotential consistent with the gauge symmetry of the SM has
the form[5]
W = µHˆ2Hˆ1 + hℓjkHˆ2Lˆj ˆ¯Ek + hujkHˆ2Qˆj ˆ¯Uk + hdjkHˆ1Qˆj ˆ¯Dk
+κiLˆiHˆ1 + λijkLˆiLˆj
ˆ¯Ek + λ
′
ijkLˆiQˆj
ˆ¯Uk + λ
′′
ijk
ˆ¯U i
ˆ¯Dj
ˆ¯Dk, (2)
where Hˆ1, Hˆ2 denote SU(2) doublet Higgs superfields and Lˆ (Qˆ) denote doublet lepton (quark) su-
perfields containing the left-chiral leptons (quarks) as their fermion components. The ˆ¯E, ˆ¯U, ˆ¯D are the
SU(2) singlet lepton and quark superfields containing the right-chiral (charged) anti-leptons and anti-
quarks, while i, j, k are flavour indices. In writing the above, we have dropped gauge indices, which
ensure that (a) the λijk are antisymmetric in i and j, and (b) the λ
′′
ijk are antisymmetric in j and k.
The first three terms in the second line of Eq. (2) can be obtained simply by replacing, in the previous
line, the Higgs superfield doublet Hˆ2 by any one of the three lepton superfield doublets Lˆi, a procedure
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which is made possible by the fact that these have the same gauge quantum numbers. The last term
is a product of three SU(2) singlets and clearly conserves charge.
It is immediately apparent that the first three terms in the second line of Eq. (2) violate lepton
number (L), while the last violates baryon number (B). Both of these are conserved in the SM. Presence
of all these terms can lead to catastrophically high rates for proton decay, which are certainly ruled
out. In order to get a proton lifetime consistent with the current lower [6] bound (∼ 1040 s), we would
require[7, 8], typically λ′λ′′ <∼ 10−26. Now this is highly unnatural, unless one or both of λ′ and λ′′
happen to be identically zero. The imposition of R-parity conservation ensures this by forbidding all
the terms in the second line of Eq. (2) and, therefore, constitutes a simple solution to the problem of
fast proton decay in supersymmetric models.
Though the R-parity argument is rather attractive, it was pointed out long ago [5] that, as a solution
to the proton decay problem, it constrains the model more than what is really necessary. To ensure
vanishing contributions to proton decay, it is quite adequate to ensure that one of the couplings in the
product λ′λ′′ vanishes — not both. For example[8], if we demand baryon number conservation, and
allow lepton number to be violated, then the λ′′ terms vanish and the proton remains stable, but R-
parity is no longer a good symmetry because of the lepton-number-violating terms in the superpotential.
Conversely, if we demand lepton number conservation, then the first three terms in the second line of
Eq. (2) vanish, but the last term, which violates baryon number, remains as a source of R-parity non-
conservation. We note, in this context, that the imposition of baryon number conservation is somewhat
better motivated from theoretical considerations [9] than its counterpart in the lepton sector.
It is at once obvious that if we allow for either lepton number or baryon number to be violated in
supersymmetric interactions, then it should be possible to see some effects in low-energy interactions
or in precision electroweak measurements. Since these have not been seen to date, it has been shown
that all R-parity-violating effects at low and electroweak scale energies must be rather small, and,
therefore, R-parity does survive, at least as an approximate symmetry. However, smallness of these
deviations from the SM is partly ensured by the fact that they must occur through the exchange of
heavy virtual sfermions and are, thus, naturally suppressed. Despite this, current measurements are
still precise enough to constrain the R-parity-violating couplings to be rather small, unless, indeed, the
sfermions are very heavy (∼ 1 TeV or more). In fact, there exists a whole series of upper bounds on
these couplings [10] and some of these are updated regularly in the literature [11, 12].
The situation changes rather dramatically when one considers signals for supersymmetry at high
energy colliders. If we allow for the non-conservation of R-parity, then we have the following possibili-
ties:
• The LSP need no longer be stable. It is possible, given a specific structure for the R-parity-non-
conserving sector, to write down its decay modes.
• The lightest neutralino need not be the LSP since the arguments in favour of this are based on
the LSP being stable and forming the major component of cosmic dark matter.
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An unstable LSP thus leads to one of the less attractive features of supersymmetric models without
R-parity conservation, which is the loss of an excellent dark matter candidate. However, one can always
assume that there are other candidates such as, for example, invisible axions, machos or wimps. In
fact, though the existence of certain amounts of galactic dark matter is undoubted, it might be relevant
to point out that the need for cosmic dark matter is itself based on a theoretical prejudice that the
universe should be closed. The cosmological argument for conservation of R-parity, though plausible,
should not be regarded as a clinching one.
The above discussion makes it clear that there is no compelling phenomenological reason for the
introduction of R-parity as a discrete symmetry in the MSSM. If, indeed, it is conserved, as the
smallness of upper bounds on R-parity-violating couplings may lead us to suspect, there must be a
deep and hitherto unknown theoretical reason for the corresponding discrete symmetry to be obeyed.
In fact, even the smallness of the couplings is a constraint which is valid[10] only if the sfermions are
rather light. For heavy sfermions, it is quite possible for R-parity violation — in either of its avatars
as lepton number or baryon number violation — to be quite significant. If this turns out to be the
case, supersymmetric models with R–parity violation could become a subject of considerable interest.
It is useful, at this stage, to note that the κi terms can, in principle, be removed by a redefinition of
the lepton doublets Lˆi which leads to absorption of the κi in the λ, λ
′ couplings and in the parameters
of the scalar potential of the model. However, these would then reappear at a different energy scale[13].
Bilinear terms could also lead to a possible vacuum expectation value (VEV) for the sneutrino(s) and
mixing of (a) charged leptons with charginos, (b) sleptons with charged Higgs bosons, (c) neutrinos
with neutralinos and (d) sneutrinos with neutral Higgs bosons. The phenomenological consequences
of a sneutrino VEV and lepton-number-violating mixing have been discussed in the literature[14], but
will not be pursued further in this article. We are, therefore, making the assumption that the κi terms
are small.
Having re-examined the reasons for assuming R-parity conservation and hence the existence of a
stable LSP giving rise to missing energy and momentum signals at colliders, we thus come to the
conclusion that this is merely one of the possible supersymmetric scenarios and it is certainly necessary
to make a re-evaluation of supersymmetry signals in the case when the LSP can decay. The implications
of R-parity violation for sparticle searches have been considered both by theorists and experimentalists.
It was found [15] that the limits on squark and gluino masses from the Tevatron data in the presence
of R-parity violation are comparable to those obtained assuming R-parity conservation. Like-sign
dileptons can also be used quite effectively[15, 16] for such searches at the Tevatron. Prospects for
sparticle searches in the presence of R-parity violation at future pp colliders like LHC are also fairly
bright[11]. It was also pointed out [17] that chargino and/or neutralino production at LEP would be
a good place to look for signals for supersymmetry with broken R-parity.
Studies of the above nature, neglected until a short time ago, have now been included in the agenda
of most of the major running experimental facilities, such as those at LEP-2 and the Tevatron. The four
experimental collaborations at LEP have made separate studies [18] of signals for R-parity-violating
supersymmetry and we take note of their bounds in our analysis. Similar bounds exist from the Tevatron
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Run I data[19]. However, we must note that LEP is already near the end of its kinematic reach, and
unless, indeed, supersymmetric particles are lying just around the corner, waiting to be discovered, it is
unlikely that we will obtain anything more than improved bounds from the present and future runs of
LEP. Better hopes may be placed on the Run II of the Tevatron and the TeV-33 run2, and, of course, the
LHC, but it is really to the clean environment of a 500 GeV linear e+e− collider, such as the planned
Next Linear Collider (NLC), that we must look[20, 21] if we wish to complement the information
from hadron colliders and further help find unambiguous signals for low-energy supersymmetry3. The
present work is devoted therefore, to a preliminary study of the production of charginos and neutralinos
at a 500 GeV linear e+e− collider, and their decays in the presence of R-parity-violating couplings.
Signal studies for the R-parity-conserving option may be found in the literature [22, 23]. What really
distinguishes our analysis from similar studies at LEP-2 is the higher collision energy, which opens up
the possibility of copious production of the heavier chargino and neutralino states. Their cascade decays
can then add to the signals, but also introduce additional complications because of the multiplicity
of possible final states. We present here a first attempt to sort out these possibilities and obtain
distinguishable signals. It turns out that the heavier chargino/neutralino states, though they make
the analysis complicated, are ultimately more of a help than a hindrance in signatures deciphering for
R-parity-violating supersymmetry from the backgrounds.
The particular scenario which is discussed in this article is the so–called weak limit of R-parity vio-
lation [24], where the R-parity-violating couplings are considerably smaller than the gauge couplings.
This is partly motivated by the fact that current upper bounds on the R-parity-violating couplings are
typically an order of magnitude below the gauge couplings for sfermion masses near the electroweak
symmetry-breaking scale[11]. However, this is not a particularly compelling argument, since we have
just argued the case for heavy sfermions relaxing these bounds. The current choice of scenario should,
therefore, be regarded as motivated principally by a requirement of minimal deviation from the R-
parity-conserving model. As a result, most production and decay processes in this analysis will take
place along the lines expected in the MSSM in the R-parity-conserving case. Though it is no longer an
absolute necessity (irrespective of the strength of the couplings), the LSP will still be assumed to be
the lightest neutralino, and its decays will form the chief point of departure of our study from earlier
ones involving a stable and invisible LSP. Our study is thus, in a sense, complementary to the work
of Refs. [25, 21, 26], who discuss processes at e+e− colliders where the R-parity violation takes place
directly at the production vertices. These studies require large R-parity-violating couplings, while the
one undertaken here assumes small couplings.
Though we assume the R-parity-violating couplings to be much smaller than the gauge couplings,
we still require the couplings relevant for decay of the LSP to be large enough to ensure that it decays
within the detector. This point is, however, somewhat academic, since, even with couplings one or two
orders of magnitude below the current upper bound, the LSP will decay (for all practical purposes) at
the interaction point itself and thus will not even exhibit displaced vertices.
2Should it happen
3Assuming that the sparticle spectrum is not too heavy for such a machine.
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The plan of this article is as follows. A large part of the material that goes into a discussion of
chargino and neutralino production and decay in the MSSM is already available in the literature. In
the following section, we make some general remarks concerning processes which lead to the production
of a pair of charginos or neutralinos at an e+e− collider and present contour plots in the parameter
space showing the importance of each channel at NLC energies. We also explain our choice of the five
points in the parameter space where a detailed analysis has been done. The results of this section are
relevant even if R-parity is assumed to be conserved. In section 3 we discuss the decay of the LSP into
multi-fermion channels through R-parity-violating couplings and then go on to consider decay modes
of the heavier charginos and neutralinos to the LSP (which are again of general interest). Sections
4, 5 and 6 are devoted to a study of the different signals predicted in the case of λ, λ′, λ′′ couplings
respectively as well as the relevant backgrounds. Our results are summed-up in Section 7. In the
Appendices, we present detailed formulae for the decay of the LSP and exhibit typical results which
might be of interest if the NLC has a
√
s = 350 GeV centre-of-mass stage. We also discuss some details
of the background studies.
2. Chargino and Neutralino Pair-production in e+e− Collisions
Computing production cross sections for charginos and neutralinos in the MSSM is a complex
business. There are no R-parity-violating contributions to the production mechanism in the weak
limit. Nevertheless, it is difficult to make remarks which hold in the general case. The cross sections
depend critically on the masses and mixing angles of charginos and neutralinos, which, in turn, depend
on the parameters M1,M2, µ, tan β of which the mass matrices are made up. In this article, we assume
gaugino mass unification at a high scale, which means that M1 and M2 are linearly related by:
M1 =
5
3
tan2 θWM2 . (3)
Thus, the free parameters in question are M2, µ, tan β and, of course, the masses of the left and right
selectrons. The mass of the electron sneutrino is not a free parameter, being related to the mass of the
left selectron by the SU(2)-breaking relation
m2
e˜L
= m2
ν˜e
− 1
2
M2W cos 2β . (4)
The free parameters M2, µ, tan β decide the masses as well as the mixing angles of the charginos and
neutralinos. Apart from the mixing angles, which go into the Feynman rules, the other major question
in determining the production cross sections is that of kinematics. For a centre-of-mass energy of 500
GeV, it is rather difficult to produce pairs of the heavier charginos χ˜±2 or the heavier neutralinos χ˜
0
3
and χ˜04, except in narrow regions of the parameter space where both the charginos or all the neutralinos
are light. However, the lighter states, χ˜±1 , χ˜
0
1, χ˜
0
2, can be freely produced.
Given the large number of unknown parameters and the variety of scenarios for R-parity violation,
it is not practical to present a detailed analysis of the signals over the entire parameter space. We have
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chosen, for detailed analysis, five particular points in the MSSM parameter space which are allowed
by the current LEP data and where the masses and mixings of the gaugino and higgsino states have
different, but typical, features4. These five points are
(A) M2 = 100 GeV, µ = −200 GeV, tan β = 2, Me˜L =Me˜R = 150 GeV,
(B) M2 = 150 GeV, µ = +150 GeV, tan β = 20, Me˜L =Me˜R = 150 GeV,
(C) M2 = 150 GeV, µ = +250 GeV, tan β = 2, Me˜L =Me˜R = 150 GeV,
(D) M2 = 150 GeV, µ = −250 GeV, tan β = 20, Me˜L =Me˜R = 200 GeV,
(E) M2 = 200 GeV, µ = −250 GeV, tan β = 20, Me˜L =Me˜R = 200 GeV.
Apart from the obvious fact that round numbers have been used for M2 and µ, we have concentrated
on two values of tan β, namely 2 and 20. The lower value corresponds to what is likely to be the lower
bound[28] on tan β from non-observation of the lightest Higgs boson when LEP-2 has finished its run,
while the upper value is a reasonably high one, though not quite the highest allowed by the present
constraints. Throughout this analysis, the soft supersymmetry-breaking squark masses have been set
to the common value 500 GeV, and the trilinear couplings to At = Ab = Aτ = 0.
Point Particle mass wino W˜± higgsino H˜±
A (χ˜±1 )L 112.1 GeV 0.0 % 100.0 %
(χ˜±1 )R 20.5 % 79.5 %
(χ˜±2 )L 224.3 GeV 100.0 % 0.0 %
(χ˜±2 )R 79.5 % 20.5 %
B (χ˜±1 )L 99.9 GeV 33.1 % 66.9 %
(χ˜±1 )R 66.9 % 33.1 %
(χ˜±2 )L 218.8 GeV 66.9 % 33.1 %
(χ˜±2 )R 33.1 % 66.9 %
C (χ˜±1 )L 110.5 GeV 17.5 % 82.5 %
(χ˜±1 )R 28.0 % 72.0 %
(χ˜±2 )L 292.7 GeV 82.5 % 17.5 %
(χ˜±2 )R 72.0 % 28.0 %
D (χ˜±1 )L 135.2 GeV 6.9 % 93.1 %
(χ˜±1 )R 27.8 % 72.2 %
(χ˜±2 )L 282.1 GeV 93.1 % 6.9 %
(χ˜±2 )R 72.2 % 27.8 %
E (χ˜±1 )L 173.4 GeV 18.0 % 82.0 %
(χ˜±1 )R 41.2 % 58.8 %
(χ˜±2 )L 292.1 GeV 82.0 % 18.0 %
(χ˜±2 )R 58.8 % 41.2 %
Table 1. Masses and compositions of the two charginos at the five selected points (see text).
The masses and compositions of the charginos at these points are given in Table 1. It is at once
obvious that at point (A), the left-handed charginos are pure states, while the right-handed charginos
are mixed states. At the other points both left- and right-handed charginos are mixed states, though
4The inspiration for this comes from the procedure followed for the constrained MSSM at Snowmass[27], though we
have not taken their precise values
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point (D) is close to a pure state. The mass of the lighter chargino varies from about 100 GeV for point
(B) to near the top quark mass for point (E). We thus get a span of most of the different possibilities.
Note that χ˜±2 has mass above 200 GeV (and Me˜L > Mχ˜±1
) for all the five points.
Charginos will be pair-produced in e+e− collisions through the three Feynman diagrams of Fig. 1(a).
Except for the photon-exchange diagram, the others can result in production of a pair of dissimilar
charginos (provided it is kinematically allowed). These diagrams have been evaluated before and
formulae are readily available in the literature[29]. In this section, we confine ourselves to some general
remarks on the production process.
Noting (see, Table 1) that the chargino is a linear combination of a wino and a charged higgsino
state, and that its couplings are obtained by supersymmetrizing the corresponding gauge and Yukawa
couplings respectively, it is obvious that the t-channel sneutrino-exchange diagram makes a significant
contribution only if the charginos χ˜±1 and χ˜
±
2 have substantial wino components, since the coupling
of the higgsino components to electrons are suppressed by me/MW (∼ 10−6). In such regions of the
parameter space, however, the same t-channel diagram interferes destructively with the others, leading
to a well-known dip in the cross section when it is plotted as a function of the mass of the exchanged
electron sneutrino.
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Figure 1. Feynman diagrams contributing to the processes (a) e+e− → χ˜+i χ˜−j and (b) e+e− → χ˜0i χ˜0j
in the MSSM.
In Fig. 2(A) and 2(B), we plot the cross sections for production of
χ˜+1 χ˜
−
1 , χ˜
±
1 χ˜
∓
2 , χ˜
+
2 χ˜
−
2 ,
as functions of the mass of the left selectron, which is related to the mass of the electron-sneutrino by
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Eq. (4). Fig. 2(A) corresponds to the point (A) and Fig. 2(B) corresponds to the point (B) in the list
of selected points in the parameter space. One must remember that the cross section for production
of a pair of dissimilar charginos should be multiplied by a combinatoric factor of 2. It is now obvious
that the cross section for the production of a pair of lighter charginos χ˜±1 χ˜
∓
1 is much larger than similar
cross sections for production of the heavier chargino states. Cross-sections for production of one light
and one heavy state get heavily suppressed as the sneutrino mass grows larger and thus may be seen
to originate almost entirely from the t-channel sneutrino exchange. As a result, the suppression is
stronger in case (A) where the charginos are pure states. Fig. 2(B), however, shows the characteristic
dip in production of χ˜+2 χ˜
−
2 due to s and t-channel interference. It is clear therefore, that the bulk of
the signal will originate from production of a pair of lighter charginos.
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Figure 2. Cross-sections for chargino pair production with parameter choices (A) and (B) as given in
the text. Cross sections for dissimilar charginos should be multiplied by a factor of 2.
Neutralinos will also be pair-produced in e+e− collisions through the Feynman diagrams given in
Fig. 1(b). There is (naturally) no photon-exchange diagram, but now there is a u-channel as well as a
t-channel diagram with selectron exchange to which both left and right selectrons can contribute. This
is because of the Majorana nature of the neutralinos. The final amplitude is thus the coherent sum of
five diagrams with the signs chosen carefully so that t- and u-channels add to the s-channel diagram
with opposite signs because of odd and even numbers of permutations arising in the Wick contractions.
All the diagrams can result in the production of similar or dissimilar neutralinos, so that we can have
ten distinct final states. As in the case of charginos, these diagrams have been evaluated before and
formulae are readily available in the literature[29].
The process e+e− −→ χ˜0i χ˜0j , like the analogous process with charginos, depends crucially on the
composition of the neutralino(s) involved. As in the case of charginos, we may safely conclude that
the higgsino components of the neutralino are irrelevant. For right selectron exchange, in fact, the
wino component is also irrelevant and the electron-left selectron coupling depends solely on the bino
component. Thus, the contributions of the t and u-channel diagrams in Fig. 1(b) require substantial
gaugino components of the relevant neutralinos. For the s-channel diagram, it is a different story.
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The Zχ˜0i χ˜
0
j coupling arises from supersymmetrization of the ZH
0
1H
0
2 coupling and thus a significant
contribution can arise only if there is a significant higgsino component in each of the two neutralinos.
Fortunately, the structure of the neutralino mass matrix in the higgsino sector is such[1] that a higgsino-
dominated neutralino must be a near-equal mixture of the two higgsino states, so that this scenario
covers a greater part of the parameter space than what might naively be expected.
Point Particle mass photino γ˜ zino Z˜ higgsinos H˜01 , H˜
0
2
A χ˜01 54.3 GeV 86.9 % 11.3 % 1.8 %
χ˜02 111.9 GeV 12.9 % 73.5 % 13.6 %
χ˜03 208.5 GeV 0.2 % 7.9 % 91.9 %
χ˜04 224.4 GeV 0.0 % 7.3 % 92.7 %
B χ˜01 63.4 GeV 40.4 % 35.1 % 24.5 %
χ˜02 107.3 GeV 56.5 % 12.1 % 31.4 %
χ˜03 163.6 GeV 0.1 % 4.6 % 95.3 %
χ˜04 218.3 GeV 3.0 % 48.1 % 48.9 %
C χ˜01 62.5 GeV 46.9 % 43.4 % 9.7 %
χ˜02 117.7 GeV 52.6 % 33.0 % 14.4 %
χ˜03 252.3 GeV 0.0 % 0.6 % 99.4 %
χ˜04 297.6 GeV 0.5 % 22.9 % 76.5 %
D χ˜01 73.7 GeV 70.0 % 25.7 % 4.3 %
χ˜02 135.2 GeV 29.5 % 53.6 % 17.0 %
χ˜03 262.0 GeV 0.0 % 3.0 % 97.0 %
χ˜04 278.6 GeV 0.5 % 17.7 % 81.8 %
E χ˜01 97.7 GeV 68.5 % 26.3 % 5.3 %
χ˜02 173.6 GeV 29.6 % 42.1 % 28.3 %
χ˜03 260.8 GeV 0.0 % 2.5 % 97.5 %
χ˜04 290.1 GeV 1.9 % 29.2 % 68.9 %
Table 2. Masses and compositions of neutralinos at the five selected points (see text). In the last
column, we give the combination of the two neutral higgsinos.
Following the same procedure as for charginos, we detail in Table 2 the composition of the neutralinos
at the five selected points. At all the points, the LSP is gaugino-dominated, being mainly photino in
cases (A), (D) and (E) and having substantial zino components in cases (B)–(E). It has a substantial
higgsino component only in case (B). The higher neutralinos χ˜03 and χ˜
0
4 have none or very small photino
components, in all the cases. The χ˜03 turns out to be mostly higgsino-dominated, while the χ˜
0
4, though
principally higgsino, has substantial zino components as well.
In Fig. 3(a− f), we plot the cross sections for production of χ˜0i χ˜0j as functions of
(a, b) the mass of the left selectron, when the mass of the right selectron is set to 150 GeV;
(c, d) the mass of the right selectron, when the mass of the left selectron is set to 150 GeV, and
(e, f) the common mass of the selectron in the case when left and right selectrons are degenerate.
Only the combinations
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have been shown. The graphs on the left, namely (a, c, e), correspond to the point (A), while the graphs
on the right, namely (b, d, f), correspond to the point (C). One must also remember that cross sections
with dissimilar neutralinos carry an extra combinatoric factor of 2, while cross sections with identical
neutralinos already carry a factor of half because of quantum statistics. It is now obvious from the
figure, that the production of χ˜01 and χ˜
0
2, either as similar or dissimilar pairs, exceeds production of
the heavier states χ˜03, χ˜
0
4 roughly by an order of magnitude
5. This is an important result, and it will
enable us, in the next section, to simplify search strategies considerably.
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Figure 3. Cross-sections for neutralino pair production at the points (A) and (C). Cross sections for
dissimilar neutralinos should be multiplied by 2. For (e, f) left and right selectrons are degenerate.
5Unless the selectron is very heavy; in this case, all the cross sections are small anyway.
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The illustrative results in Figs. 2 and 3 are, of course, obtained by considering three of the selected
points in the parameter space. It is now relevant to ask whether we can generalize the principal
conclusion — that it is only important to consider production modes of the χ˜01, χ˜
0
2 and χ˜
±
1 to observe
signals at a 500 GeV machine — to the entire parameter space. Part of the answer is given by
kinematics: the current bounds[18] on the χ˜±1 mass from LEP-2 force the heavier states χ˜
0
3, χ˜
0
4 and χ˜
±
2
to have masses fairly close to the kinematic reach of a 500 GeV machine. This is illustrated in Fig. 4,
where we have shown scatter plots of the heavier chargino and neutralino masses as M2 varies over
the range 0 to 600 GeV, µ varies from -600 to 600 GeV and tan β varies from 1.5 to 50. Clearly, when
there is no experimental constraint on the MSSM, all the states are well within the kinematic reach
of a 500 GeV machine (which corresponds to the 250 GeV box). Imposition of the LEP-2 constraint
χ˜±1 > 91 GeV immediately drives the heaviest chargino and neutralino states (practically) out of the
box, while the intermediate states χ˜02 and χ˜
0
3 are driven to heavier, but not kinematically inaccessible
values. One can therefore, safely write off the χ˜04 and χ˜
±
2 states. It only remains, therefore, to ask
whether it is relevant to include the χ˜03 in our analysis. For this, the dynamics of the production cross
section(s) must now be considered.
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Figure 4. Scatter plots for higher chargino and neutralino masses in the MSSM. The ranges of variation
of the parameters are given in the text. The box represents the kinematic reach of a 500 GeV machine.
Before we discuss this, however, it is interesting to look at the graphs on the extreme right of Fig. 4.
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These would correspond to the (disappointing) situation when a 500 GeV e+e− collider has completed
its run without finding any evidence of supersymmetry and has been able to push the lower bound on
the mass of the lighter chargino to ∼ 250 GeV. It is likely that the machine would then be upgraded
to 1 TeV in energy[23], kinematic limits for which correspond to the outer boxes in the figure. In this
case, we see that the same pattern repeats itself, with the heavier states being pushed almost out of
the picture. Thus the broad conclusions of this work would still hold in the newer context and almost
identical studies can be made.
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Figure 5. Contours of cross section (marked in fb) for production at the NLC of a pair of charginos
for tan β = 2 and 20 and Me˜L =Me˜R = 150 GeV.
In Fig. 5, we present contours for the cross section (in fb) for the production of χ˜+1 χ˜
−
1 and χ˜
+
1 χ˜
−
2
final states in the (M2, µ) plane for two values of tan β, namely, tan β = 2 for the plots on the left and
tan β = 20 for the plots on the right. The left selectron is assumed to have a mass of 150 GeV. It is clear
from the figure that production of even a single heavy chargino state leads to considerable reduction
in the cross section. Even so, the cross section is relatively large in pockets close to the LEP-excluded
region, where it is about 15–20% of the cross section for production of a pair of lighter charginos. As
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most of the selected points (A)–(E) lie in or around these pockets of large cross section, we can regard
our results, obtained by neglecting the production of a χ˜±1 χ˜
∓
2 pair, to have uncertainties of this order.
However, as we shall see later, this excess cross section will be distributed over a wealth of possible
final states, so that the actual uncertainties in estimating many of these will be considerably reduced.
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Figure 6. Contours of cross section (marked in fb) for production at the NLC of a pair of neutralinos
for tan β = 2 and Me˜L =Me˜R = 150 GeV.
In Fig. 6, we present contours of cross section (in fb) for the following pairs: (a) χ˜01χ˜
0
1, (b) χ˜
0
1χ˜
0
2,
(c) χ˜01χ˜
0
3, (d) χ˜
0
2χ˜
0
2, all for tan β = 2. For this plot the left and right selectrons are assumed to be
degenerate, with the mass being fixed at 150 GeV. Fig. 7 represents an identical plot with tan β = 20.
A glance at the cross sections for production of χ˜03 in association with an LSP, χ˜
0
1, shows that the
production cross section is as severely suppressed (if not more), compared to the lighter neutralino
states as is the case of the heavy chargino. Thus, we may feel justified in neglecting the χ˜03 as well as
the heavier χ˜04 and χ˜
±
2 states. As before, this would lead to an error of 15–20% at most, which would
again be spread out over a multitude of decay modes.
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Figure 7. Same as Fig. 6, but with tan β = 20.
Before concluding this section, some more general remarks are in order. In the first place, the
variation of the cross section with the mass of the exchanged slepton as exhibited in Figs. 2 and 3 is
more-or-less straightforward to explain, given the composition of the sparticles. The more complex
variation of the cross section with the parameters which make up the chargino and neutralino mass
matrices is shown in Figs. 5–7. These arise in a complicated way through the diagonalization procedure
and one cannot develop easy physical arguments as to why the cross section is large or small. The
dark shading in Figs. 5–7 represents the region ruled out by the chargino search at LEP-2 (running
at 183 GeV) and corresponds to the contour of (lighter) chargino mass mχ˜±
1
< 91 GeV. Searches for
both R-parity-conserving and R-parity-violating supersymmetry at the four LEP collaborations have
essentially pushed the chargino mass to the kinematic limit[18], irrespective of the nature of the R-
parity-violating operator. The broken line represents the contours of chargino mass m
χ˜±
1
= 250 GeV,
which represents the kinematic limit for chargino pair-production at the 500 GeV NLC. Of course, the
sample points (A)–(E) chosen for our analysis lie outside the LEP-2 ruled-out region.
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For Figs. 5–7, we have chosen the selectron masses to be Me˜L =Me˜R = 150 GeV. This is well above
the range of LEP-2, but it should be possible to pair-produce selectrons of this mass at the 500 GeV
NLC. Each of these selectrons can have the following decays[30]:
• to an electron and a neutralino;
• to a neutrino and a chargino (left selectron only);
• to a lepton and a neutrino (if there are L-violating operators of the LLE¯ form), or a pair of
quarks (if there are L-violating operators of the LQD¯ form).
Of these channels, in the weak R-parity-violation limit, we can neglect the third. For a right selectron,
this means a unit branching ratio into electron and neutralino. For a pair of left selectrons, we can
have in the final states:
e+e−χ˜0χ˜0, e+νχ˜0χ˜−, e−ν¯χ˜0χ˜+, νν¯χ˜+χ˜−,
where all possible neutralinos and charginos allowed by kinematics will contribute. The first channel
usually has the largest branching ratio and will have essentially the same signals as those which form the
subject of this article, together with an extra electron–positron pair with large energies and transverse
momenta. For the other signals, the chargino will decay through its gauge couplings to χ˜±i −→ χ˜0jf f¯ ′
where f and f ′ are fermions differing by one unit in charge. Thus we will have a pair of neutralinos in
the final state, accompanied by various combinations of electrons, jets and neutrinos contributing to
missing energy. Another possibility which, in general, needs to be considered[31], is that of production
of a pair of sneutrinos ν˜e. If the left selectron has a mass of 150 GeV, the mass of the sneutrino ν˜e
will be close to this, the relation between the masses telling us that the sneutrino mass lies between
139–150 GeV, depending on the value of tan β. These sneutrinos will certainly be pair-produced in
e+e− interactions at 500 GeV. The decay modes will be analogous to those of the selectron, with similar
final states. A comprehensive discussion of all these signals is desirable, but is beyond the scope of this
work, which concentrates on pair-production and decay of charginos and neutralinos. However, we can
guess that the signals and analysis will be very similar.
For selectron masses above 250 GeV, it will not be possible to produce selectron pairs at the 500 GeV
NLC, and their effects will appear solely in chargino and neutralino pair-production. The sneutrino
pair-production will be either suppressed or disallowed since the masses are close to or above the
kinematic limit for somewhat larger selectron masses. In this case, the only possibility for detection
of R-parity violation at the NLC will be through the signals discussed in this article, though, it must
be admitted that larger selectron masses often lead to lower cross sections, as shown in Figs. 2 and 3.
However, as the following discussions will show, a reduction in the cross sections by a factor as large
as 2 could still yield substantial signals.
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3. Chargino and Neutralino Decays
In this article, we assume that the lightest neutralino is the LSP. This is not forced upon us by
cosmological arguments since we allow the LSP to decay, but, as explained in the Introduction, it is
a convenient hypothesis to make. The other assumption we make is that of all the R-parity-violating
couplings, only one is dominant. This is also an ad hoc assumption, but it mimics the case of the SM
Yukawa couplings, where the top quark coupling is much larger than the others. In such a scenario, it
is possible to isolate signals arising from the LSP decay, and this is what we analyze.
Once produced, the charginos and higher neutralinos will decay through various channels into final
states containing the LSP, which will then decay into multi-fermion channels through R-parity-violating
couplings. Since these are fairly well known[29, 32], we have not reproduced the formulae for each of
these decay modes but include a general discussion of all the channels.
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Figure 8. Feynman diagrams contributing to the decay of the LSP in the case of (a) L-violation with λ
couplings, and (b) B-violation with λ′′ couplings. The case of λ′ couplings can be obtained by replacing
νiℓ
+
j ℓ
−
k −→ νidj d¯k or ℓ−i uj d¯k in (a).
The most important decay of all these is, of course, the decay of the LSP, which is the principal
theme of this work. This can occur through the diagrams of Fig. 8(a) and (b), which are mediated by
sfermions. If the R-parity-violating operator is of the LLE¯ type, the final states will have two charged
leptons and one neutrino, the flavours being determined by the single (dominant) coupling involved.
If the R-parity-violating coupling is of the LQD¯ type, the final states will have two quarks and one
charged lepton, or two quarks and one neutrino. The relevant diagrams for the neutrino case can be
obtained from those in Fig. 8(a) by replacing each charged lepton ℓ with a d-type quark. The charged
lepton case can then be obtained from this by replacing the neutrino by a charged lepton and the
d-type quark by a u-type quark. The LSP decay will result in either two hadronic jets accompanied
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by a charged lepton, or two jets and missing momentum. Finally, if the R-parity-violating coupling is
of the U¯D¯D¯ type, then the final state will generally consist of three hadronic jets. These modes are
summarized below, where J denotes a hadronic jet.
χ˜01 → ℓ+1 ℓ−2 +ET/ (for LLE¯), χ˜01 → ℓ±JJ or JJ +ET/ (for LQD¯), χ˜01 → 3J (for U¯D¯D¯),
Formulae arising from the evaluation of these diagrams are presented in Appendix A, where they
agree with those already available in the literature [33]. Each of these cases is discussed separately in
the following three sections, possible signals and backgrounds being identified and estimated. Since the
LSP has only one decay mode, its branching ratio is always unity, and hence there is no dependence
on the actual magnitude of the R-parity-violating coupling involved. This is an important point, since
it enables us to make our analysis in the weak R-parity-violation limit, and renders our results robust
in the sense that they are insensitive to the actual value of the R-parity-violating couplings involved.
It is also worth drawing attention to the fact that, since we regard the lightest neutralino as the LSP,
there is no possibility of sfermion resonances in its decay.
When we come to the higher neutralinos and charginos, the situation becomes rather complex, since
all decays allowed by kinematic considerations can occur. It follows that what may actually be expected
to occur depends strongly on the point in the MSSM parameter space. We must, therefore, consider,
in the general case, all possible decays of each chargino and/or neutralino. The decay of the heavier
chargino to the lighter chargino occurs essentially through the diagrams of Fig. 1(a), where the e+e−
pair can be replaced by any pair of fermions. The decay of one neutralino to a different neutralino
occurs through the diagrams of Fig. 1(b), where, once again, the e+e− pair is suitably replaced. It
is also possible for a chargino to decay into a lighter neutralino or vice versa. Since all these decay
channels have to be considered, it is convenient to make a little summary of the possibilities, and this
is presented below. As before, we denote a hadronic jet by J . It must be borne in mind that the actual
number of jets seen will not always be the same as in the list below, since jets can be missed if they
are soft or if they merge into other jets. Similarly charged leptons will be observed only if they pass
all the acceptance cuts.
χ˜02 → χ˜01ℓ+ℓ− or χ˜01 + ET/ or χ˜01JJ
→֒ χ˜±j ℓ∓ + ET/ or χ˜±j JJ (j = 1, 2)
χ˜03 → χ˜0i ℓ+ℓ− or χ˜0i + ET/ or χ˜0i JJ (i = 1, 2)
→֒ χ˜±j ℓ∓ + ET/ or χ˜±j JJ (j = 1, 2)
χ˜04 → χ˜0i ℓ+ℓ− or χ˜0i + ET/ or χ˜0i JJ (i = 1, 2, 3)
→֒ χ˜±j ℓ+ + ET/ or χ˜±j JJ (j = 1, 2)
χ˜±1 → χ˜0i ℓ± + ET/ or χ˜0i JJ (i = 1, 2, 3, 4)
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χ˜±2 → χ˜±1 ℓ+ℓ− or χ˜±1 + ET/ or χ˜±1 JJ
→֒ χ˜0i ℓ± + ET/ or χ˜0i JJ (i = 1, 2, 3, 4)
This complex set of options is illustrated in Fig. 9, where a typical mass spectrum is chosen and
possible decays are represented as transitions from a higher state to a lower. The left side shows the
most general case, when all possible cascade decays are considered. It is straightforward to count
that there are 15 possible decays when only the charginos and neutralinos are considered, and, if we
include the fact that either leptonic or hadronic final states can occur, one has a total of 35 channels
to consider. When this is combined with the fact that a pair of charginos or neutralinos is produced in
e+e− collisions, with all sorts of combinations for the decays of each being possible, it is obvious that
a complete study is a gigantic task and well beyond the scope of our present analysis. Fortunately, it
proves possible to carry out a meaningful analysis using only a subset of these production and decay
channels. The chief reason for this is that the heavier neutralino and chargino states can be ignored
in a first analysis, as we have explained in the previous section. Moreover, it is well known that, for
a large part of the parameter space, the next-to-lightest neutralino χ˜02 is nearly degenerate with the
lighter chargino χ˜±1 , so that its decay modes to the charginos (or vice versa) are suppressed, if not
forbidden. This certainly happens for the five points where we have performed our analysis. A similar
phenomenon occurs with the heavier chargino and the heaviest neutralino. The corresponding decay
modes have very little available phase space and may be ignored without much loss of generality.
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Figure 9. Schematic diagram showing all possible cascade decays of higher charginos and neutralinos
to the LSP in (a) the most general case, and (b) a simplified case where two pairs of states are almost
degenerate. Broken lines indicate possible decays; solid lines indicate those which have been considered
in this article.
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We now concentrate on the final states which could be of interest at a 500 GeV e+e− collider. As we
have explained in detail in the previous section, these involve only the lowest three states in Fig. 9, and
correspond, on the left of Fig. 9 to the three decays denoted by solid lines. If we take into account the
approximate degeneracy of the χ˜02 and the χ˜
±
1 , this is reduced, on the right of Fig. 9, to just two decay
modes. Of course, these two lines really denote five decay modes, since χ˜02 −→ χ˜01+ (ℓ+ℓ− or νν¯ or qq¯)
and χ˜+1 −→ χ˜01 + (ℓ+ν or qq¯′). However, this number is manageable, even when all the combinatorics
are taken into account, and we shall consider all these channels in the subsequent analysis.
Our analysis is also limited to the case when the t-quark (either on shell or off-shell) appear in the
decays of the LSP, i.e. the couplings λ′i3k and λ
′′
3jk do not form part of our analysis. Our studies were
done using a parton-level Monte Carlo event generator, which does not yield high-quality results so
far as hadronic jets are concerned, but which does enable us to get a quick and more-or-less correct
picture of the signals that might be visible at the NLC.
4. Signals from LLE Operators
In this section, we concentrate on the signals that could be seen in the case when the R-parity is
violated by LLE¯ couplings. As explained in the previous section, the LSP will decay into a pair of
charged leptons, with missing energy from a neutrino. Thus, if we consider the basic process, i.e. , a
pair of LSP’s being produced, then the final state will have four charged leptons and missing energy.
The flavour of these leptons will be determined by the coupling responsible and cannot be predicted
a´ priori, unless the coupling is known beforehand. If some of the heavier states are produced, then
there will be additional leptons or jets in the final state from cascade decays. We make a list of these
possibilities below and discuss each.
For the production of a pair of LSP’s, the final state will be χ˜01χ˜
0
1 → ℓ+1 ℓ−2 ℓ+3 ℓ−4 + ET/ , where, of
the four charged leptons in the final state, two will be of one flavour, and the other two will be of one
(possibly different) flavour. Since there are two neutrinos contributing to the missing energy, and each
neutralino undergoes a three-body decay, it will not be possible to reconstruct the mass of the LSP
from these final states. However, a final state with four hard charged leptons and missing energy is
sufficiently spectacular to permit easy detection. There will be Standard Model backgrounds, of course.
The chief of these comes from WWZ production (W -pair production with a radiated Z), where all the
gauge bosons decay through leptonic channels. This background is unimportant at LEP-2, which has
insufficient energy to produce all the gauge bosons on-shell, but could, in principle, become significant
at the 500 GeV NLC. It turns out, however, as we shall see, that this background is rather small when
compared with the R-parity-violating signals in the multi-lepton channel.
We now come to the issue of the production of higher neutralino and chargino states and their
cascade decays to the LSP. We reiterate that this can lead to complicated signals, which are rendered
more so by the fact that each higher chargino/neutralino state can decay into a lower state and a gauge
boson W,Z. The latter can then decay either leptonically or hadronically. For one neutralino decaying
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to another, or the heavier chargino decaying into the lighter, we must also distinguish between the cases
of decay into a pair of charged leptons and into a pair of neutrinos. Even at a single point in parameter
space, this makes for a somewhat messy analysis, although we limit the analysis to the low-lying states
χ˜01, χ˜
0
2 and χ˜
±
1 .
The signals which can be observed in the presence of LLE¯ operators can be analyzed in the following
way[34]. We consider the basic process
e+e− −→ χ˜01χ˜01 −→ ℓ+1 ℓ−2 ℓ+3 ℓ−4 + ET/ (4ℓ+ ET/ ) (5)
where two of the final state leptons are positively charged and two are negatively charged. Assuming
that the χ˜02 and the χ˜
±
1 are nearly degenerate and thus their decay into one another may be neglected
(see above), the only cascade decays one needs to consider are those in which a χ˜02 or a χ˜
±
1 goes into a
χ˜01 and a pair of fermions. These processes then lead to the following signals.
e+e− −→ χ˜01 + χ˜02 → χ˜01 + χ˜01νν¯ −→ 4ℓ+ ET/
→֒ χ˜01 + χ˜01ℓ+ℓ− −→ 6ℓ+ ET/
→֒ χ˜01 + χ˜01JJ −→ 4ℓ+ ET/ + 2 jets
e+e− −→ χ˜02 + χ˜02 → χ˜01νν¯ + χ˜01νν¯ −→ 4ℓ+ ET/
→֒ χ˜01ℓ+ℓ− + χ˜01νν¯ −→ 6ℓ+ ET/
→֒ χ˜01ℓ+ℓ− + χ˜01ℓ+ℓ− −→ 8ℓ+ ET/
→֒ χ˜01νν¯ + χ˜01JJ −→ 4ℓ+ ET/ + 2 jets
→֒ χ˜01ℓ+ℓ− + χ˜01JJ −→ 6ℓ+ ET/ + 2 jets
→֒ χ˜01JJ + χ˜01JJ −→ 4ℓ+ ET/ + 4 jets
e+e− −→ χ˜+1 + χ˜−1 → χ˜01ℓ+ν + χ˜01ℓ−ν¯ −→ 6ℓ+ ET/
→֒ χ˜01ℓ+ν + χ˜01JJ −→ 5ℓ+ ET/ + 2 jets
→֒ χ˜01JJ + χ˜01ℓ−ν¯ −→ 5ℓ+ ET/ + 2 jets
→֒ χ˜01JJ + χ˜01JJ −→ 4ℓ+ ET/ + 4 jets
This is not the end of the story, however, since every particle produced in the final state is not always
visible, given the kinematic cuts and detector acceptances. We have chosen the following criteria for
observability of leptons/jets at a 500 GeV e+e− machine:
pℓT > 10 GeV , |ηℓ| < 3 , pJT > 10 GeV and |ηJ | < 3 .
Moreover, we assume that two partons with an angular separation of δRJJ ≡
√
δη2JJ + δφ
2
JJ < 0.7 are
merged into a single jet6. Similarly, a lepton will be assumed to be part of a jet if its angular separation
δRℓJ < 0.4. These cuts represent educated guesses and may change a little when realistic simulations
6We have checked that for our parton-level analysis the Durham and Jade algorithms for jet merging do not yield
results substantially different from the cone algorithm used here.
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become available. However, we do not expect the qualitative features of our analysis to change too
much even if a better set of kinematic cuts becomes available.
Once all these criteria are applied, it is easy to see that signals with large numbers of final state
leptons and/or jets are likely to get degraded to lower numbers of leptons and/or jets. Unobservable
leptons and/or jets would make (small) contributions to the missing energy, augmenting the expectation
from neutrinos produced in the final state. Counting signals by the number of leptons, we classify the
observable final states as having 0–8 leptons with or without jets and always accompanied by substantial
missing energy. To get an idea of the strength of the signal available from the above analysis, we show,
in Table 3, the cross sections for these signals for different pair-production modes (in the case of a
λ-coupling). We detail results for the five chosen points (A)–(E) in the parameter space. For each
point, there are 13 different configurations: these correspond to the cases
(a) χ˜01χ˜
0
1 pair production, where both LSP’s decay to neutrino plus dilepton (1 configuration),
(b) χ˜01χ˜
0
2 pair production, where χ˜
0
2 decays to χ˜
0
1 + neutrinos, dilepton or jets (3 configurations),
(c) χ˜02χ˜
0
2 pair production, where both χ˜
0
2’s decay to χ˜
0
1 + neutrinos, dilepton or jets (6 configurations),
(d) χ˜+1 χ˜
−
1 pair production, where either chargino can decay to χ˜
0
1 plus leptons or jets (3 configurations).
After degradation, each of these makes a contribution to the signal with n leptons and missing energy
(with or without jets). These contributions are summed and displayed in Table 3. It is interesting that
though the basic process in this case starts with four leptons in the final state, a large fraction of these
gets degraded into states with three (or even less) leptons. Fairly large cross sections may be obtained
for final states with 4 to 6 leptons in the final state. When convoluted with a projected luminosity of
about 10 fb−1 at the NLC, we see that these could yield some thousands of events every year. Though
signals with 7 or 8 leptons are quite rare, given this large luminosity, we might expect to see a few of
these too.
The last column of Table 3 gives the Standard Model background for each of these signals, where
we have given the sum of the principal backgrounds (see Appendix C). It is immediately obvious
that final states with one or two leptons have enormous backgrounds and cannot be used to look
for R-parity violation. In any case, these arise, for the R-parity-violating signal, only as a result of
degradation of signals with more leptons, and are not of primary interest. On the other hand, once the
signal has three or more leptons the backgrounds are truly minuscule.
One other question which can arise is what we expect from the MSSM or other new physics[35] in
case R-parity is conserved. In this case, instead of getting 4ℓ + ET/ from the pair of LSP’s, we will
simply get missing energy. A rough estimate of the signals can be made by simply mapping signals
with n leptons in Table 3 to signals with n− 4 leptons. Keeping the backgrounds in mind, this means
that it should still be possible to see signals with three and four leptons, but generally at a lower
level than what would be the case if R-parity is violated. The absence of signals with more than four
leptons would be a clear sign of R-parity-conserving supersymmetry. Alternatively, one could say that
an unambiguous signal for R-parity-violating supersymmetry would be large numbers of events with
4, 5 and 6 leptons.
Signal χ˜01χ˜
0
1 χ˜
0
1χ˜
0
2 χ˜
0
2χ˜
0
2 χ˜
+
1 χ˜
−
1 Total Signal (fb) Background (fb)
A 1ℓ+ ET/ 1.1 0.4 0.2 1.5 3.2 8272.5
2ℓ+ ET/ 14.9 5.2 1.8 15.3 37.2 2347.4
3ℓ+ ET/ 91.7 25.3 7.2 71.6 195.8 1.5
4ℓ+ ET/ 212.8 49.6 13.6 152.8 428.8 0.4
5ℓ+ ET/ 0.0 37.8 19.3 113.5 170.6 −
6ℓ+ ET/ 0.0 39.6 21.6 26.9 88.0 −
7ℓ+ ET/ 0.0 0.0 11.9 0.0 11.9 −
8ℓ+ ET/ 0.0 0.0 8.0 0.0 8.0 −
B 1ℓ+ ET/ 0.2 0.3 0.3 0.1 0.9 8272.5
2ℓ+ ET/ 4.5 6.1 5.6 2.0 18.1 2347.4
3ℓ+ ET/ 34.7 38.0 28.7 17.0 118.4 1.5
4ℓ+ ET/ 88.0 75.9 50.9 71.4 286.2 0.4
5ℓ+ ET/ 0.0 15.4 21.6 148.5 185.5 −
6ℓ+ ET/ 0.0 16.5 21.8 124.2 162.6 −
7ℓ+ ET/ 0.0 0.0 3.4 0.0 3.4 −
8ℓ+ ET/ 0.0 0.0 2.3 0.0 2.3 −
C 1ℓ+ ET/ 0.3 0.2 0.6 0.5 1.6 8272.5
2ℓ+ ET/ 7.5 3.9 8.3 9.7 29.4 2347.4
3ℓ+ ET/ 56.3 23.1 39.1 61.9 180.4 1.5
4ℓ+ ET/ 140.0 44.9 66.3 151.3 402.5 0.4
5ℓ+ ET/ 0.0 11.6 36.2 93.6 141.4 −
6ℓ+ ET/ 0.0 13.1 37.6 16.9 67.6 −
7ℓ+ ET/ 0.0 0.0 7.3 0.0 7.3 −
8ℓ+ ET/ 0.0 0.0 5.3 0.0 5.3 −
D 1ℓ+ ET/ 0.4 0.2 0.3 0.2 1.1 8272.5
2ℓ+ ET/ 7.8 3.8 5.0 4.6 21.2 2347.4
3ℓ+ ET/ 57.7 23.5 25.1 32.8 139.1 1.5
4ℓ+ ET/ 144.3 46.8 42.4 100.2 333.7 0.4
5ℓ+ ET/ 0.0 4.6 9.2 112.4 126.2 −
6ℓ+ ET/ 0.0 5.6 10.1 41.1 56.8 −
7ℓ+ ET/ 0.0 0.0 0.7 0.0 0.7 −
8ℓ+ ET/ 0.0 0.0 0.6 0.0 0.6 −
E 1ℓ+ ET/ 0.2 0.1 0.1 0.0 0.4 8272.5
2ℓ+ ET/ 5.1 2.0 1.4 1.7 10.2 2347.4
3ℓ+ ET/ 45.9 16.0 11.6 17.6 91.1 1.5
4ℓ+ ET/ 136.7 42.8 28.5 66.1 274.1 0.4
5ℓ+ ET/ 0.0 3.1 4.4 77.4 84.9 −
6ℓ+ ET/ 0.0 4.8 6.3 27.9 38.9 −
7ℓ+ ET/ 0.0 0.0 0.3 0.0 0.3 −
8ℓ+ ET/ 0.0 0.0 0.3 0.0 0.3 −
Table 3. Showing the contribution (in fb) of different (light) chargino and neutralino production modes
to multi-lepton signals at the NLC in the case of λ couplings. The last column shows the SM background.
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In addition to this table, we present, in Fig. 10(a), the distribution in missing energy corresponding
to the multi-lepton cases above for the point (A) in the parameter space. As expected, the missing
energy grows progressively softer as more and more leptons are seen: this is partly because these
correspond to states with less neutrinos and partly because there are fewer undetected leptons which
might have contributed to the missing energy. It is clear that a cut of 20 GeV on the minimum missing
energy would leave the signal(s) practically unaffected and this can be used for background reduction.
Similarly, in Fig. 10(b), we present histograms showing the distribution in the number of jets corre-
sponding to each of the leptonic signals. Again, quite naturally, there are fewer jets as the number of
observed leptons grows larger. The point (A) in the parameter space is chosen for these plots. Though
our construction and treatment of jets is rather primitive, we do not expect the qualitative features of
this figure to change when a more sophisticated analysis is performed.
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Figure 10. Illustrating the distribution in (a) missing transverse energy (ET/ ) and (b) the number of
jets (nJ) when the LSP decays through a λ coupling. In (a) the number of observable leptons is marked
next to the relevant curve.
In Table 3, which is essentially illustrative, we have not considered the particular λijk coupling,
but presented a common value for all flavour-combinations ijk. For better estimates, these must be
appropriately convoluted with the respective detection efficiencies for e, µ and τ and also efficiency
factors resulting from the different isolation criteria (from hadronic jets) for a τ jet as compared to an
electron or a muon track[37]. This part of the analysis has not been done since ours is a preliminary
study and we would like to obtain results of general interest. Though it renders our analysis somewhat
crude, we would like to stress that the thrust of our work is in pinpointing the crucial role of the heavier
chargino and neutralino states in detection of R-parity-violating signals at the NLC, for which,we feel,
this level of analysis is adequate.
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It is obvious that if R-parity is indeed violated through LLE¯ operators and the LSP (alone or in
association with one of the higher states) is produced and decays at the NLC, then it should be possible
to see rather spectacular multi-lepton signals, even in one year of running. This itself would be a major
cause of excitement, but a somewhat more tricky question would immediately arise: given that some
signals are seen, can we identify the specific coupling responsible? In pursuit of this answer, we note
that the lepton content of final states7 arising in LSP pair decay would be as follows:
λ121 : 4e , 2e+ 2µ , 3e+ µ ;
λ122 : 2e+ 2µ , 4µ , e+ 3µ ;
λ123 : 2e+ 2τ , 2µ + 2τ , e+ µ+ 2τ ;
λ131 : 4e , 2e+ 2τ , 3e+ τ ;
λ132 : 2e+ 2µ , 2µ + 2τ , e+ 2µ + τ ;
λ133 : 2e+ 2τ , 4τ , e+ 3τ ;
λ231 : 2e+ 2µ , 2e+ 2τ , 2e+ µ+ τ ;
λ232 : 4µ , 2µ + 2τ , 2µ+ τ ;
λ233 : 2µ+ 2τ , 4τ , µ+ 3τ .
Since all chargino and neutralino production modes are expected to end in a pair of LSP’s, which will
then decay to the above flavour combinations, one has to look at all multi-lepton states and identify
the common components. Thus, an exhaustive tabulation of the final states should be able to tell us
which flavour-combinations recur. From this we can infer the coupling responsible, with at most a
twofold or threefold ambiguity. Though degradation of the number of leptons will tend to obscure the
issue, there should be enough four (or more)-lepton final states produced directly through decay of the
LSP to render some sort of identification possible. We might then look to other physics areas, perhaps
precision measurement of lepton masses and other similar parameters, to clinch the identification, and
perhaps extract the value of the coupling, which this analysis cannot give.
5. Signals with LQD Operators
When we turn to the case of LQD¯ operators, the situation becomes more complex. In the first
place, as explained above, the LSP has two decay modes, each with equal probability, but leading to
rather different signatures. The decay to a charged lepton and two jets will lead, for χ˜01χ˜
0
1 production,
to a signal with an observable dilepton and (up to) four jets. The other mode will lead to (up to) four
jets with substantial missing energy and momentum. One can also have a situation with one neutralino
χ˜01 decaying into either channel, which leads to a single charged lepton, missing energy and (up to) four
jets. This last signal will be enhanced by a combinatoric factor of 2. Each signature will have large
backgrounds. However, in the first case, because of the Majorana nature of the neutralinos, it may be
possible to see like-sign dileptons (LSD’s), which have very little background from SM processes.
7 It is interesting that in the case of LLE¯ couplings, the Majorana nature of the neutralinos (both the LSP and the
higher ones) has no influence on the final states seen. This renders charge identification irrelevant.
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When cascade decays of the heavier chargino and neutralino states are included in our analysis, the
situation becomes even more complicated. If we merely consider their hadronic decays to the LSP, one
could see the above signals, but with an increased hadronic component. However, the higher states
can have leptonic decay modes too, and these will interfere with or augment the leptonic signals, as
the case may be. Accordingly, one has to analyze the different signals with great care.
As in the previous section, we can analyze the signals in terms of the various pair-production modes
and the cascade decays. The basic processes from pair-production of LSP’s are
e+e− −→ χ˜01 + χ˜01 → ℓ±qq¯′ + ℓ±qq¯′ → 2ℓ+ 4 jets
→֒ νqq¯ + ℓ±qq¯′ → ℓ+ ET/ + 4 jets
→֒ νqq¯ + νqq¯ → ET/ + 4 jets
The first channel (which comprises a quarter of the signal) consists of equal numbers of like-sign and
unlike-sign dileptons. The signal with unlike-sign dileptons will have large SM backgrounds especially
from ZZ, tt¯(g) and ℓ+ℓ−Z channels (see Appendix C). The signal with like-sign dileptons will, on the
other hand, have practically no backgrounds and constitute a ‘smoking gun’ signal for the presence of
Majorana neutralinos in the decay chain. It is well to point out, however, that the only contributions
to LSD signals will come only when both leptons come from the decay of LSP’s. Leptonic decays of
higher states to the LSP will never create LSD pairs, though they may augment the LSD signal arising
from the decay of a χ˜01χ˜
0
1 pair. We shall discuss this issue in more detail after enumerating the various
decay modes and cross sections associated with the higher states.
The second channel (which comprises half of the signal) consists of a charged lepton, with missing
energy and jets, where the lepton can be of either sign. As shown in Appendix C, this will have huge
SM backgrounds, with contributions from several channels. Isolation of R-parity-violating signals from
the background would require the careful application of kinematic cuts. For example, the tt¯ background
can be simply eliminated by requiring that no set of three jets should have an invariant mass in the
neighborhood of the known top quark mass. The backgrounds with W ’s and Z’s in the final state can
be similarly handled if we require no pair of jets to reconstruct to the W and Z masses. However, it
must be pointed out that with the usual uncertainties involved in jet reconstruction and the huge size
of the backgrounds, isolation of the signal may not be possible over the entire parameter space. In fact,
we may expect it to be possible only when the signal has fairly large values, e.g. , at point (A) in the
parameter space (see Table 4).
The last channel, which requires one to trigger on missing energy, is not perhaps, the most rewarding
mode to look for. In the first place, it comprises just one-fourth of the signal. Moreover, it may be
mimicked by faulty reconstruction of jets, always a possibility when fragmentation is taken into account.
In our analysis, therefore, we have not taken this channel into account, except in the case of higher
state decays where it serves to augment the other multi-lepton signals.
For the higher states, we restrict ourselves, once again, to the χ˜02 and the χ˜
±
1 . Then, the processes
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of interest are
e+e− −→ χ˜01 + χ˜
0
2 → χ˜
0
1 + χ˜
0
1νν¯ → 2ℓ+ ET/ + 4 jets or ℓ+ ET/ + 4 jets
→֒ χ˜01 + χ˜
0
1ℓ
+ℓ− → 4ℓ+ 4 jets or 3ℓ+ ET/ + 4 jets or 2ℓ+ ET/ + 4 jets
→֒ χ˜01 + χ˜
0
1JJ → 2ℓ+ 4 jets or ℓ+ ET/ + 4 jets
e+e− −→ χ˜02 + χ˜
0
2 → χ˜
0
1νν¯ + χ˜
0
1νν¯ → 2ℓ+ ET/ + 4 jets or ℓ+ ET/ + 4 jets
→֒ χ˜01ℓ
+ℓ− + χ˜01νν¯ → 4ℓ+ ET/ + 4 jets or 3ℓ+ ET/ + 4 jets or 2ℓ+ ET/ + 4 jets
→֒ χ˜01ℓ
+ℓ− + χ˜01ℓ
+ℓ− → 6ℓ+ 4 jets or 5ℓ+ ET/ + 4 jets or 4ℓ+ ET/ + 4 jets
→֒ χ˜01νν¯ + χ˜
0
1JJ → 2ℓ+ ET/ + 6 jets or ℓ+ ET/ + 6 jets
→֒ χ˜01ℓ
+ℓ− + χ˜01JJ → 4ℓ+ 6 jets or 3ℓ+ ET/ + 6 jets or 2ℓ+ ET/ + 6 jets
→֒ χ˜01JJ + χ˜
0
1JJ → 2ℓ+ 8 jets or ℓ+ ET/ + 8 jets
e+e− −→ χ˜+1 + χ˜
−
1 → χ˜
0
1ℓ
+ν + χ˜01ℓ
−ν¯ → 4ℓ+ ET/ + 4 jets or 3ℓ+ ET/ + 4 jets or 2ℓ+ ET/ + 4 jets
→֒ χ˜01ℓ
+ν + χ˜01JJ → 3ℓ+ ET/ + 6 jets or 2ℓ+ ET/ + 6 jets or ℓ+ ET/ + 6 jets
→֒ χ˜01JJ + χ˜
0
1ℓ
−ν¯ → 3ℓ+ ET/ + 6 jets or 2ℓ+ ET/ + 6 jets or ℓ+ ET/ + 6 jets
→֒ χ˜01JJ + χ˜
0
1JJ → 2ℓ+ 8 jets or ℓ+ ET/ + 8 jets .
As in the case of LLE¯ couplings, the actual number of leptons (and jets as well) will be degraded
by kinematic cuts and detector acceptances. In Table 4 we set out the relative strengths of the various
signals, with different numbers of leptons accompanied (always) by jets and (sometimes) by missing
energy. One can again generate distributions analogous to those of Fig. 10, but these have not been
presented here in the interests of brevity.
Just as we had 13 configurations in the case of LLE¯ operators, in the present case we can have 68
configurations. These correspond to
(a) χ˜01χ˜
0
1 pair production, with LSP’s decaying to neutrino or lepton plus jets (4 configurations),
(b) χ˜01χ˜
0
2 pair production, with the χ˜
0
2 decaying to χ˜
0
1+ neutrinos, dilepton or jets (12 configurations),
(c) χ˜02χ˜
0
2 pair production, with either χ˜
0
2 decaying to χ˜
0
1+ neutrinos, dilepton or jets (36 configurations),
(d) χ˜+1 χ˜
−
1 pair production, with either chargino decaying to χ˜
0
1+ leptons or jets (16 configurations).
Each of these channels will make a contribution to the various multi-lepton signals. These are appro-
priately summed and displayed in Table 4.
Let us take a closer look at these various signals. The first channel, namely ℓ + ET/ + jets, has
contributions from all the channels considered in Table 4 and this leads to a large cross section, but
it also has a huge SM background and may not be the best option to look for LQD¯ couplings. The
signal cross sections in Table 4 correspond typically to 2σ to 3σ fluctuations in the SM background.
Mere observation of such an excess may not be enough to clinch the issue. However, it may still be
worth looking for this channel after applying cuts to remove backgrounds where jets reconstruct to
W and Z bosons, as discussed above. Unfortunately these cuts are also likely to remove much of the
contributions from higher chargino and neutralino states, which actually contribute the bulk of the
signal cross-section. It is not, therefore, clear that the mere observation of an excess in the ℓ+ET/ +jets
channel could be a signal for R-parity-violation in the LQD¯ form. However, an excess in this channel
could be used to supplement signals seen in other channels, which are discussed below.
The second channel, which contains a dilepton, is the best option for this kind of search. As before
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all chargino and neutralino production channels will contribute to this signal and the total cross section
is reasonably high — certainly greater than the 4σ level for all the five points chosen for our analysis.
This is the case irrespective of the charge of the leptons.
Signal χ˜01χ˜
0
1 χ˜
0
1χ˜
0
2 χ˜
0
2χ˜
0
2 χ˜
+
1 χ˜
−
1 Total Signal (fb) Background (fb)
A 1ℓ + jets 126.7 48.8 14.1 142.4 332.0 8262.5
2ℓ + jets 27.9 47.2 21.6 128.4 225.1 243.1
3ℓ + jets 0.0 28.0 21.8 48.4 98.2 1.5
4ℓ + jets 0.0 6.0 14.2 6.5 26.7 −
5ℓ + jets 0.0 0.0 6.3 0.0 6.3 −
6ℓ + jets 0.0 0.0 1.4 0.0 1.4 −
B 1ℓ + jets 8.1 26.3 30.8 185.7 250.9 8262.5
2ℓ + jets 0.1 15.3 22.7 106.1 144.2 243.1
3ℓ + jets 0.0 1.1 5.0 8.3 14.4 1.5
4ℓ + jets 0.0 0.0 1.5 0.2 1.7 −
5ℓ + jets 0.0 0.0 0.1 0.0 0.1 −
6ℓ + jets 0.0 0.0 0.0 0.0 0.0 −
C 1ℓ + jets 14.7 18.2 46.0 124.1 203.0 8262.5
2ℓ + jets 0.3 13.6 44.2 26.8 84.9 243.1
3ℓ + jets 0.0 1.2 11.7 2.0 14.9 1.5
4ℓ + jets 0.0 0.0 4.5 0.0 4.5 −
5ℓ + jets 0.0 0.0 0.4 0.0 0.4 −
6ℓ + jets 0.0 0.0 0.0 0.0 0.0 −
D 1ℓ + jets 70.1 28.0 29.6 117.0 244.7 8262.5
2ℓ + jets 9.4 9.0 14.2 86.1 118.7 243.1
3ℓ + jets 0.0 2.6 5.5 27.2 35.3 1.5
4ℓ + jets 0.0 0.3 1.3 3.1 4.7 −
5ℓ + jets 0.0 0.0 0.2 0.0 0.2 −
6ℓ + jets 0.0 0.0 3.3 0.0 3.3 −
E 1ℓ + jets 66.2 23.4 17.0 70.2 176.8 8262.5
2ℓ + jets 9.8 7.6 8.0 43.6 69.0 243.1
3ℓ + jets 0.0 2.2 2.6 26.8 31.6 1.5
4ℓ + jets 0.0 0.3 0.8 12.5 13.6 −
5ℓ + jets 0.0 0.0 0.2 0.0 0.2 −
6ℓ + jets 0.0 0.0 0.0 0.0 0.0 −
Table 4. Showing the contribution (in fb) of different (light) chargino and neutralino production modes
to multi-lepton signals at the NLC in the case of λ′ couplings. The last column shows the SM back-
ground.
We now come to the important issue of LSD signals. We have already explained that one-eighth of
the χ˜01χ˜
0
1 signal will consist of LSD’s: this means 35, 0.1, 0.4, 12, 12 LSD events at the points (A)–(E)
respectively, assuming an integrated luminosity of 10 fb−1 per year. These numbers assume 100%
efficiency in charge identification, whereas a figure of around 70-80% would probably be more realistic.
The strong variation in these numbers over the parameter space seems to indicate that one cannot
confidently predict LSD signals everywhere. However, the actual situation is not so bad, because there
will still be contributions from the cascade decays.
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We can actually make a rough estimate of the contribution to LSD signals from cascade decays
using Table 4 and assuming that the decay widths of the χ˜02 and χ˜
±
1 are dominated by the Z and
W -exchange channel respectively. This happens for a reasonably large part of the parameter space.
In this case, we estimate that the actual numbers of LSD events with 10 fb−1 luminosity[23] will be
around 180, 10, 75, 83 and 53 respectively for the points (A)–(E). If we recall that there is practically
no SM background then, even with a charge detection efficiency of around 70%, we should see quite
healthy numbers of like-sign dileptons in a year’s running of the NLC.
Signals with three or more leptons will, in general, have small SM backgrounds and should be seen
without difficulty if the higher charginos and neutralinos have a significant branching ratio to leptons.
This is certainly true of the points (A)–(E), but there do exist points in the parameter space where
the higher states decay principally to the LSP accompanied by hadronic jets. In such cases, the multi-
lepton signals will be suppressed, but we should get a larger fraction of LSD events. There is, thus, a
trade-off, when we look at all the signals.
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Figure 11. Illustrating the distribution in invariant mass reconstructed from (a) the hardest lepton
and all jets in the same hemisphere, and (b) the next-to-hardest lepton and all hadronic jets in its
hemisphere, when all contributions are summed over (signal only). The point (A) in the parameter
space is chosen.
To conclude this section, we make a few remarks on the possibility of reconstructing the mass of
the chargino and the neutralinos. A simple strategy is to focus on the n-lepton-plus-jets signal, with or
without missing energy. Assuming that the (highly relativistic) neutralinos are produced back-to-back
in the laboratory frame, we construct the invariant mass of the hardest lepton with all jets in the same
hemisphere, where the direction of the hardest jet is taken to be the hemisphere axis. The invariant
mass thus obtained should show a distinct peak at the LSP mass. Cascade decays will, however,
tend to broaden the distribution. In Fig. 11 we have shown the invariant mass distribution from this
construction using the point (A) in the parameter space. This is done for (a) the hardest lepton and
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(b) the next-to-hardest lepton (with all jets in its hemisphere). It is interesting to note that both the
distributions show a classic resonance at the LSP mass (in the bin 50–60 GeV) as well as a secondary
peak at the mass of the next-to-lightest neutralino, or lightest chargino, both of which have masses
in the same bin 110–120 GeV. The secondary peak is easily identified as the bin beyond which the
distribution exhibits a sharp fall. If such a distribution is indeed seen above the background, we would
be able to determine simultaneously three sparticle masses, those of the χ˜01, χ˜
0
2, χ˜
±
1 respectively. Such
information can then be used to determine two8 of the three free parameters M2, µ and tan β. The
measured cross-sections could then be used to yield information on the remaining parameter as well
as the selectron masses. Much of this would depend, however, on whether the distributions seen in
Fig. 11 can be seen above the background. We do not expect any of the background processes to show
a strong resonant peak in this construction, but there would be a large continuum. A detailed analysis,
using a proper jet reconstruction algorithm, needs to be performed, before this issue can be properly
resolved. We leave this issue to be settled in a more focussed analysis in the future.
6. Signals with U¯D¯D¯ Operators
The last case of R-parity-violation is that of U¯D¯D¯ operators with λ′′ couplings which arise in case
baryon number is violated. As discussed in section 3, in this case, the LSP will simply decay into three
hadronic jets. Thus the basic process with production of χ˜01χ˜
0
1 will lead to a six-jet final state (with some
jets lost through merging). In itself, this is not impossible to study, but there are two complications.
The first is the usual case of higher state production and decay, which can lead to leptons in the
final state, as well as (unwelcome) extra hadronic jets. The other is the large SM background from
tt¯ production, which can lead to six-jet final states if both the top quarks decay hadronically. Other
backgrounds, such as those from WWZ production are not inconsiderable either. Thus, kinematic
strategies are of paramount importance in this case, unlike the two previous cases, where a profusion
of leptons in the final state makes detection easy.
The basic process in this case is
e+e− −→ χ˜01 + χ˜01 −→ udd (u¯d¯d¯) + udd (u¯d¯d¯) −→ 6 jets (6)
where sets of three jets have invariant masses peaking at the neutralino mass (assuming all the jets are
seen) and the Majorana nature of χ˜01 is taken into account. With the introduction of cascades, we now
have a large number of possibilities, as in the previous two cases. These are listed below.
e+e− −→ χ˜01 + χ˜02 → χ˜01 + χ˜01νν¯ → 6 jets + ET/
→֒ χ˜01 + χ˜01ℓ+ℓ− → 2ℓ+ 6 jets
→֒ χ˜01 + χ˜01JJ → 8 jets
8To determine all three, we would also require to know the (small) mass-splitting between the χ˜02 and the χ˜
±
1 . This
would require a far better mass resolution than what we have assumed in this work.
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e+e− −→ χ˜02 + χ˜02 → χ˜01νν¯ + χ˜01νν¯ → 6 jets + ET/
→֒ χ˜01ℓ+ℓ− + χ˜01νν¯ → 2ℓ+ 6 jets + ET/
→֒ χ˜01ℓ+ℓ− + χ˜01ℓ+ℓ− → 4ℓ+ 6 jets
→֒ χ˜01νν¯ + χ˜01JJ → ET/ + 8 jets
→֒ χ˜01ℓ+ℓ− + χ˜01JJ → 2ℓ+ ET/ + 6 jets
→֒ χ˜01JJ + χ˜01JJ → 10 jets
e+e− −→ χ˜+1 + χ˜−1 → χ˜01ℓ+ν + χ˜01ℓ−ν¯ → 2ℓ+ ET/ + 6 jets
→֒ χ˜01ℓ+ν + χ˜01JJ → ℓ+ ET/ + 6 jets
→֒ χ˜01JJ + χ˜01ℓ−ν¯ → ℓ+ ET/ + 6 jets
→֒ χ˜01JJ + χ˜01JJ → 10 jets
Of course, final states with such large numbers of jets will inevitably involve a great deal of jet merging,
leading to states with (much) lower jet multiplicity. A similar study involving neutralino and chargino
pair-production at LEP-1.5 has shown [38] that these lead dominantly to three- and four-jet final states.
Thus, the jet multiplicities shown above should not be taken at all seriously.
The final states arising from cascades could contain one, two or even four leptons, as the case may
be, and it might be possible to trigger on these in a search. The states with one or two leptons, as we
have explained before, have large SM backgrounds, though, as the table shows, it might not be hopeless
to look for an excess over the fluctuation in the background. The three and four-lepton signals will be
easier to identify, but one must remember that they will come accompanied by (up to) six jets. We,
therefore, require these leptons to satisfy isolation criteria to ensure that they are not, indeed, part of
the jets themselves. Following the earlier sections, we present, in Table 5, a list of these multi-lepton
signals, always accompanied by multiple jets and (sometimes) by missing energy.
In constructing this table, we consider a total of 17 configurations. These arise, like the previous
ones from
(a) χ˜01χ˜
0
1 pair production, where each LSP decays to jets (1 configuration),
(b) χ˜01χ˜
0
2 pair production, with χ˜
0
2 decaying to χ˜
0
1 + neutrinos, dilepton or jets (3 configurations),
(c) χ˜02χ˜
0
2 pair production, with either χ˜
0
2 decaying to χ˜
0
1 + neutrinos, dilepton or jets (9 configurations),
(d) χ˜+1 χ˜
−
1 pair production, with either chargino decaying to χ˜
0
1 + leptons or jets (4 configurations).
As before, all these are summed and displayed in Table 5. Each signal may or may not be accompanied
by missing energy.
Of course, if the jet multiplicity is not taken into account, then these signals will be rather similar
to the (R-parity-conserving) MSSM backgrounds. This is because the leptons come entirely from the
decays of the chargino and higher neutralino states to the LSP, irrespective of the decays of the LSP
itself. Thus, in order to isolate signals for λ′′ couplings, it is crucial to study the multi-jet content of
the final state.
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Signal χ˜01χ˜
0
1 χ˜
0
1χ˜
0
2 χ˜
0
2χ˜
0
2 χ˜
+
1 χ˜
−
1 Total Signal (fb) Background (fb)
A 1ℓ + jets 0.0 47.0 22.9 155.3 225.2 8262.5
2ℓ + jets 0.0 38.1 26.2 30.7 95.0 243.1
3ℓ + jets 0.0 0.0 12.5 0.0 12.5 1.5
4ℓ + jets 0.0 0.0 5.1 0.0 5.1 −
B 1ℓ + jets 0.0 21.3 29.4 196.8 247.5 8262.5
2ℓ + jets 0.0 12.3 19.5 92.3 124.1 243.1
3ℓ + jets 0.0 0.0 3.2 0.0 3.2 1.5
4ℓ + jets 0.0 0.0 0.9 0.0 0.9 −
C 1ℓ + jets 0.0 14.8 44.3 115.0 174.1 8262.5
2ℓ + jets 0.0 11.7 39.9 16.4 68.0 243.1
3ℓ + jets 0.0 0.0 7.7 0.0 7.7 1.5
4ℓ + jets 0.0 0.0 3.0 0.0 3.0 −
D 1ℓ + jets 0.0 5.5 10.6 138.7 154.8 8262.5
2ℓ + jets 0.0 5.6 11.1 45.0 61.7 243.1
3ℓ + jets 0.0 0.0 0.8 0.0 0.8 1.5
4ℓ + jets 0.0 0.0 0.4 0.0 0.4 −
E 1ℓ + jets 0.0 3.5 4.8 90.2 98.4 8262.5
2ℓ + jets 0.0 4.9 6.6 29.1 40.7 243.1
3ℓ + jets 0.0 0.0 0.4 0.0 0.4 1.5
4ℓ + jets 0.0 0.0 0.3 0.0 0.3 −
Table 5. Showing the contribution (in fb) of different (light) chargino and neutralino production modes
to multi-lepton signals at the NLC in the case of λ′′ couplings.
The question now arises: if we do indeed observe multi-jet signals, with or without leptons and/or
missing energy, what strategy should we adopt in order to identify whether these arise from baryon-
number-violating couplings, or from some other source? It is difficult to find a simple and all-
encompassing answer. Perhaps the most straightforward solution is to appeal to kinematics and carry
out mass reconstructions. Recognizing that the final state must always contain a pair of (generally)
highly relativistic LSP’s decaying into three jets apiece, we use the following strategy: the hardest jet
in the final state is identified and its invariant mass is constructed with all the other jets lying in the
same hemisphere. Then, we look for the hardest jet in the opposite hemisphere and again construct
its invariant mass with all other jets lying in that hemisphere. We require these two invariant masses
to lie within 10 GeV of each other, noting that if they are equal, or nearly equal, this is indicative of
similar parentage. Once this criterion is satisfied, we plot the two invariant mass distributions to see if
they show significant peaking. A similar strategy was followed by the ALEPH Collaboration in their
study of the (now-defunct) four-jet anomaly [36]. In an earlier study[38] at LEP-1.5, it was shown
that a modest peak does indeed form. In the present case, at the NLC, our results are illustrated in
Fig. 12, for (a) the hardest jet and (b) the hardest jet in the opposite hemisphere. Once again, we have
chosen the point (A) in the parameter space. It is clear from the figure that we have a clear resonance
at the mass of the lightest neutralino, with a sharp cutoff at the mass of the second neutralino or
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(light chargino). However, this cutoff may not be clearly observable because of the SM backgrounds,
especially the one from tt¯, which, though it will peak around mt, will have a non-vanishing tail in the
neighbourhood of 100–120 GeV. Backgrounds from W and Z bosons in the final state can be removed
by requiring no two jets to have invariant masses in the vicinity of MW and MZ , though this cut has
not actually been applied in Fig. 12. Application of the cut would probably reduce the cross-section
somewhat, but make the resonance more sharp, since much of the smearing is due to hadronic decays
of the chargino and higher neutralino states, which take place largely through W and Z exchanges.
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Figure 12. Illustrating the distribution in invariant mass reconstructed from (a) the hardest jet and
all jets in the same hemisphere, and (b) the hardest jet in the opposite hemisphere and all remaining
hadronic jets, when all contributions are summed over (signal only). The point (A) in the parameter
space is chosen.
In case invariant mass distributions such as those shown in Fig. 12 are seen, it may be possible to
determine the mass of the LSP, and the (degenerate) χ˜02 and χ˜
±
1 . As explained in the previous section,
it might then be possible to determine some of the parameters of the MSSM; conversely, absence of the
signals predicted here would constrain the parameter space (assuming the presence of λ′′ couplings).
Finally, we remark on the possibility of identifying the λ′′ coupling responsible for the signal seen.
This must depend on flavour-tagging, which is far more difficult for hadrons than for leptons, and must
be considered well-nigh impossible for the lighter quark flavours. b and c quarks may be tagged with
some reasonable efficiencies, but, given the large number of jets and their large merging probabilities, we
think it highly unlikely that any flavour-tagging worth the name can be achieved. It may be necessary
to look to other physics possibilities to determine the exact nature of the coupling, assuming signals
for a λ′′ coupling are seen.
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7. Summary and Conclusions
It might be well to go over the main points of our analysis again before ending. We have discussed
chargino and neutralino pair production at a 500 GeV e+e− collider in the weak R-parity-violation
limit, where the production modes are solely through the R-parity-conserving couplings and the lightest
supersymmetric particle (LSP) decays purely through R-parity-violating couplings. Our analysis shows
that it is sufficient to consider production of the two lightest neutralinos and of the lightest chargino.
This simplifies matters considerably, since the higher chargino and neutralino states can have very
complicated cascade decays, which would render the book-keeping almost an impossible task. We have
indicated how a non-observation of supersymmetry signals at a 500 GeV machine would help us to
make a very similar analysis at a 1 TeV machine.
We have then discussed the decays of the lightest neutralino (LSP) through the three types of R-
parity-violating couplings assuming the top quark plays no role in these decays. At the same time we
have considered decays of the (relevant) higher states to the LSP, with accompanying fermions. These
result in a wealth of final state topologies, which we have classified by the number of hard isolated
leptons. The observability of these leptons has been analyzed using a simple parton-level Monte Carlo
event generator, which also enables us to get approximate distributions in missing energy and the
jet-multiplicity in the final state. For λ-type couplings, the signal is basically an excess of multi-lepton
states, together with substantial missing energy. For λ′-type couplings, the signal consists of leptons
and multiple jets in the final state, but we utilize a rather simple-minded algorithm to reconstruct the
LSP and higher neutralino masses (within some resolution). This actually works pretty well and enables
us to predict that such signals, if seen, can be quite clearly identified as due to Rp/ supersymmetry. We
also show that if charge identification of final-state leptons can be carried out with reasonable efficiency,
then like-sign dilepton (LSD) signals could be a very promising signal, insofar as they have practically
no SM backgrounds. For λ′′ couplings, a similar mass reconstruction is suggested: this shows a distinct
resonance and could be again used to indicate Rp/ supersymmetry. We have also discussed backgrounds
and some simple strategies for their elimination, though a detailed simulation has not been attempted.
To conclude, then, we have made a detailed study of various possibilities for seeing the R-parity-
violating version of the minimal supersymmetric Standard Model at a 500 GeV linear e+e− collider. It
is hardly necessary to point out that one could make a very similar analysis at a muon collider of the
same energy and luminosity unless this is tuned to a Higgs resonance. Given the lack of any concrete
evidence of supersymmetry till date, and the fact that the R-parity-violating sector has very few
theoretical constraints, the number of possible scenarios for such signals is extremely large. A complete
treatment would be a massive task and probably not worth the effort at this early stage, when a 500
GeV e+e− machine exists only on paper. Nevertheless, we have isolated some of the important features
of the problem, and have identified some useful approximations that bring a semblance of order to the
multitude of cascade decays of higher chargino and neutralino states, which can be produced with quite
reasonable cross sections at this energy. We hope that our work will encourage further studies of these
extremely interesting signals.
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Appendix A: Decay Widths of the LSP
The decay of the LSP is mediated by R-parity-violating couplings, which arise from the superpoten-
tial of Eq. (2). In terms of component boson and fermion fields, this leads to an interaction Lagrangian
for the lepton-number-violating part, which is
Lint = − λijk
[
ℓ˜∗Rkν¯
c
i
1− γ5
2
ℓj + ℓ˜
∗
Lj ν¯i
1 + γ5
2
ℓk + ν˜
∗
i d¯j
1 + γ5
2
ℓk − (i↔ j)
]
− λ′ijk
[
d˜∗Rkν¯
c
i
1− γ5
2
dj + d˜
∗
Lj ν¯i
1 + γ5
2
dk + ν˜
∗
i d¯j
1 + γ5
2
dk
]
λ′ijk
[
d˜∗Rk ℓ¯
c
i
1− γ5
2
uj + u˜
∗
Lj ℓ¯i
1 + γ5
2
dk − ℓ˜∗Liu¯j
1 + γ5
2
dk
]
+H.c. (7)
Using the first line of this interaction Lagrangian, we can now calculate the decay width of the neutralino
in the case of a λijk coupling. We present below complete formulae for the squared and spin-averaged
matrix element for the process χ˜01(P ) → νi(pi)ℓ+k (pk)ℓ−j (pj). The neutralino can also decay into the
CPT -conjugate of the right side because it is a Majorana fermion. Thus we should include a factor of
2 when calculating the decay width.)
|M(χ˜01 → νiℓ+k ℓ−j )|2 =
12παλ2ijk
sin2 θW
[Tii + Tjj + Tkk + Tij + Tik + Tjk] (8)
where the terms Tii etc. refer to the squares of the amplitudes containing a sfermion of flavour i in the
propagator (see Fig. 8), and Tij etc. are the interference terms. Similarly we denote the masses of ℓ
±
i
by mi, the masses of ℓ˜i by m˜i and the mass of the neutralino by M1. Then
Tii =
pj.pk
D2i
[
(G2Li +G
2
Ri)P.pi
]
Tjj =
pi.pk
D2j
[
(G2Lj +G
2
Rj)P.pj + 2GLjGRjM1mj
]
Tkk =
pi.pj
D2k
[
(G2Lk +G
2
Rk)P.pk + 2GLkGRkM1mk
]
Tij =
−1
DiDj
[GLiGLj(−pi.pjP.pk + pi.pkP.pj + pj.pkP.pi) +GLiGRjM1mjpi.pk]
Tik =
−η1
DiDk
[GLjGLk(pi.pjP.pk − pi.pkP.pj + pj.pkP.pi) +GLiGLkM1mkpi.pj]
Tjk =
−η1
DjDk
[
GLjGRk(pi.pjP.pk + pi.pkP.pj − pj.pkP.pi)
+GLjGRkmjmkP.pi +GRjGLkM1mkpi.pj +GRjGRkM1mjpi.pk
]
(9)
where Di,j,k = (si,j,k − m˜2i,j,k), si,j,k = (P − pi,j,k)2, η1 is the sign of the mass eigenvalue of the lightest
neutralino, and the couplings GLi, GRi etc. are defined by the interaction of the neutralino with a
lepton–slepton pair:
Lint = − g
2
√
2
{(1 + η1) + i(1 − η1)} ¯˜χ0i
{
GLn
1− γ5
2
+GRn
1 + γ5
2
}
ℓnℓ˜
∗
n +H.c. (10)
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The non-vanishing chiral couplings which enter into the above matrix element are given by
GLi = η1(N12 −N11 tan θW ),
GLj = −η1(N12 +N11 tan θW ),
GRj = mjN13/(
√
2MW cosβ),
GLk = η1mkN13/(
√
2MW cos β),
GRk = 2N11 tan θW , (11)
where N is the neutralino mixing matrix (see Ref. [1]). In the above set of formulae, we note that we
have not taken into account the possibility of slepton resonances in the decay of the neutralino. This is
because the neutralino is considered to be the LSP throughout this article9. We have however, taken
into account sign changes due to chiral rotations of the neutralino fields necessitated by negative mass
eigenvalues.
It is trivial to translate the above set of results to the case of a λ′ijk coupling, where the decay process
is χ˜01(P ) → νi(pi)dj(pj)d¯k(pk). We simply replace the λ-coupling by the λ′-coupling and each lepton
by the corresponding d-type quark. The non-vanishing couplings of the neutralino to the relevant
quark–squark pairs are now given by
GLi = η1(N12 −N11 tan θW ),
GLj = −η1(N12 − 1
3
N11 tan θW ),
GRj = mjN13/(
√
2MW cos β),
GLk = η1mkN13/(
√
2MW cosβ),
GRk =
2
3
N11 tan θW . (12)
In the other case for a λ′ijk coupling, the relevant process is χ˜
0
1(P )→ ℓ−i (pi)uj(pj)d¯k(pk). If we neglect
the charged lepton mass (which is a pretty good approximation for the kind of neutralino masses
discussed in this article), then one can again use the above formulae with appropriate replacements,
and taking
GLi = −η1(N12 + 1
3
N11 tan θW ),
GRi = miN13/(
√
2MW cos β),
GLj = η1(N12 +
1
3
N11 tan θW ),
GRj = mjN14/(
√
2MW sin β),
GLk = η1mkN13/(
√
2MW cosβ),
GRk =
2
3
N11 tan θW . (13)
9It is easy to translate the above results to the case when there are slepton resonances. We simply replace the
propagators (sn − m˜
2
n) by the Breit-Wigner forms (sn − m˜
2
n) + im˜nΓn, where Γn is the total decay width of the nth
slepton. This decay width is easily calculated, since the slepton in question is now the LSP and will undergo a two-body
decay through the R-parity-violating coupling in question.
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The real difference between the cases for λ and λ′ couplings arises when kinematics allows one to have
a top quark in the final state, in which case it is possible to have mj = mt, which makes GRj large.
However, these have not been considered in this work.
We now pass on to the case of baryon-number-violating λ′′ couplings, where the interaction La-
grangian is given by
Lint = − λ′′ijk
[
d˜∗Rk d¯j
1 + γ5
2
uci + d˜
∗
Rj u¯i
1− γ5
2
dck + u˜
∗
Rid¯
c
j
1 + γ5
2
dk
]
+H.c. (14)
This allows us to have the decay χ˜01(P )→ ui(pi)dj(pj)dk(pk) together with the CPT -conjugate of the
right side. Using the same kind of convention as in the case of lepton-number-violating operators, the
matrix element, squared and summed over spins, has the form
|M(χ˜01 → uidjdk|2 =
24παλ′′2ijk
sin2 θW
[Tii + Tjj + Tkk + Tij + Tik + Tjk] (15)
where
Tii =
pj .pk
D2i
[
(G2Li +G
2
Ri)P.pi + 2GLiGRiM1mi
]
Tjj =
pi.pk
D2j
[
(G2Lj +G
2
Rj)P.pj + 2GLjGRjM1mj
]
Tkk =
pi.pj
D2k
[
(G2Lk +G
2
Rk)P.pk + 2GLkGRkM1mk
]
Tij =
−1
DiDj
[
GRiGRj(−pi.pjP.pk + pi.pkP.pj + pj .pkP.pi)
+GLiGLjmimjP.pk +GLiGRjM1mipj.pk +GRiGLjM1mjpi.pk
]
Tik =
−η1
DiDk
[
GRiGRk(pi.pjP.pk − pi.pkP.pj + pj.pkP.pi)
+GLiGLkmimkP.pi +GLiGRkM1mipj.pk +GRiGLkM1mkpi.pj
]
Tjk =
−η1
DjDk
[
GRjGRk(pi.pjP.pk + pi.pkP.pj − pj.pkP.pi)
+GLjGLkmjmkP.pi +GLjGRkM1mkpi.pk +GRjGLkM1mjpi.pj
]
(16)
where we now take
GLi = η1miN14/(
√
2MW sin β),
GRi = −4
3
tan θWN11,
GLj = η1mjN13/(
√
2MW cos β),
GRj =
2
3
tan θWN11,
GLk = η1mkN13/(
√
2MW cos β),
GRk =
2
3
tan θWN11. (17)
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Appendix B: The 350 GeV Option
It is, of course, feasible, and presumably planned, that a linear e+e− collider would first run at the tt¯
production threshold of about 350 GeV for some time, before it actually goes on to run at 500 GeV. The
situation regarding chargino and neutralino production is actually better in this case, as the dominant
s-channel diagrams would be less suppressed, though of course, there would be kinematic restrictions.
The signals discussed in this article can then be studied at this energy as well. However, the SM
backgrounds are also enhanced considerably. This is illustrated in Table 6, where we have presented
the analogues of Tables 3–5, for the point (A) in the parameter space. A glance at the table will reveal
that multi-lepton signals from λ couplings will be trivially discernible over background, though one
and two-lepton signals will not. For the other two cases, the signals are also quite promising.
Coupling χ˜01χ˜
0
1 χ˜
0
1χ˜
0
2 χ˜
0
2χ˜
0
2 χ˜
+
1 χ˜
−
1 Total Signal (fb) Background fb
λ 1ℓ+ ET/ 3.4 1.3 0.3 3.7 8.7 12929.4
2ℓ+ ET/ 36.1 11.4 3.0 34.9 85.4 3356.8
3ℓ+ ET/ 160.8 40.9 9.3 121.2 332.2 0.5
4ℓ+ ET/ 254.8 64.1 16.5 189.1 524.5 0.1
5ℓ+ ET/ 0.0 51.9 21.0 115.3 188.2 −
6ℓ+ ET/ 0.0 39.4 19.4 23.7 82.5 −
7ℓ+ ET/ 0.0 0.0 11.0 0.0 11.0 −
8ℓ+ ET/ 0.0 0.0 5.3 0.0 5.3 −
λ′ 1ℓ+ jets 224.5 58.7 12.3 165.6 461.1 12929.4
2ℓ+ jets 76.5 61.1 20.0 172.4 330.0 283.6
3ℓ+ jets 0.0 46.6 26.6 70.6 143.8 0.5
4ℓ+ jets 0.0 13.0 16.1 10.2 39.3 −
5ℓ+ jets 0.0 0.0 8.5 0.0 8.5 −
6ℓ+ jets 0.0 0.0 1.9 0.0 1.9 −
λ′′ 1ℓ+ jets 0.0 55.3 19.8 205.1 280.2 12929.4
2ℓ+ jets 0.0 61.4 27.5 43.5 132.4 283.6
3ℓ+ jets 0.0 0.0 14.6 0.0 14.6 0.5
4ℓ+ jets 0.0 0.0 7.5 0.0 7.5 −
Table 6. Illustrating the contribution (in fb) of different (light) chargino and neutralino production
modes to multi-lepton signals at the NLC in the case of λ, λ′ and λ′′ couplings for a linear collider
running at
√
s = 350 GeV. The point (A) in the parameter space has been chosen.
One interesting feature of a run at 350 GeV will be that the background from tt¯ production will
be highly suppressed. As a result, the invariant mass construction used in Fig. 12 would probably be
more certain to yield signals distinguishable above background. Apart from this, there does not seem
to be any major advantage, from the point of view of studying R-parity-violation, of a run at
√
s = 350
GeV.
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Appendix C: Standard Model Backgrounds to Multilepton Signals
In order to obtain Standard Model backgrounds to the multi-lepton signals discussed in the text,
we have considered several processes listed in Tables 7 and 8. These include 2 → 2 processes like
e+e− → W+W−, e+e− → ZZ and e+e− → tt¯, and a host of 2 → 3 processes. These were evaluated
using the MadGraph package and the cross-sections were calculated using a parton-level Monte Carlo
generator. The cuts mentioned in Section 4 were applied and the results were convoluted with the
appropriate leptonic and hadronic branching ratios of the W and Z bosons.
In Table 7, we present a list of the contributions to the multi-lepton plus missing (transverse) energy
states from various SM processes. For these, we require a minimum of 20 GeV for the ET/ (see Section
4) and this essentially means that only processes which have a hard neutrino in the final state need
be considered. In the third row of this table, we have added contributions from e+e− −→ tt¯g to those
from e+e− −→ tt¯, since the final states will be very similar, except for jet multiplicity. This increases
the cross-section by about 10%.
It is also important to point out that we have included only processes which have cross-sections
greater than 1 fb (before convoluting with branching ratios). For this reason, we have not considered
processes like e+e− −→ tt¯Z and e+e− −→ ZZZ, which could also, in principle, yield multi-lepton final
states.
Process ℓ± + ET/ ℓ
+ℓ− + ET/ 3ℓ+ ET/ 4ℓ+ ET/
e+e− →W+W− 2361.4 (4250.5) 560.7 (1009.3) − −
e+e− → ZZ − 13.6 (23.1) − −
e+e− → tt¯ (g) 233.7 (0.0) 55.5 (0.0) − −
e+e− →W+W−Z 13.6 (4.5) 3.2 (1.0) 1.5 (0.5) 0.4 (0.1)
e+e− → e+e−Z − 11.6 (14.1) − −
e+e− → ℓ+ℓ−Z − 9.2 (15.2) − −
e+e− → e+νeW
− + e−ν¯eW
+ 1564.0 (1876.8) 743.2 (891.8) − −
e+e− → ℓ+νℓW
− + ℓ−ν¯ℓW
+ 1940.0 (2910.0) 921.4 (1382.1) − −
e+e− → νeν¯eZ − 24.6 (13.3) − −
e+e− → νℓν¯ℓZ − 4.4 (6.9) − −
e+e− → ud¯W− + u¯dW+ 2159.8 (3887.6) − − −
Total 8272.5 (12929.4) 2347.4 (3356.8) 1.5 (0.5) 0.4 (0.1)
Table 7. Illustrating the contribution (in fb) of different SM processes to multi-lepton final states
relevant for the NLC, running at 500 (350) GeV in the case of λ couplings. In the 6th, 8th and 10th
row, ℓ = µ, τ . In the last row, the contribution is summed over the first two generations.
It is clear that the only signal which can really contribute to final states with > 2 leptons and ET/
is e+e− → W+W−Z, and this has a rather small cross-section. This is the real reason why the signals
from λ couplings are so striking.
In Table 8, we present a similar list of processes which lead to signals with multi-leptons and jets.
In this case, we do not put any cut on the missing energy, but we require the final state to have a
minimum of two jets.
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Process ℓ± + jets ℓ+ℓ− + jets 3ℓ+ jets
e+e− →W+W− 2361.4 (4250.5) − −
e+e− → ZZ − 47.6 (80.9) −
e+e− → tt¯ (g) 233.7 (0.0) 55.5 (0.0) −
e+e− →W+W−Z 13.6 (4.5) 4.0 (1.3) 1.5 (0.5)
e+e− → e+e−Z − 82.0 (100.0) −
e+e− → ℓ+ℓ−Z − 32.2 (53.4) −
e+e− → e+νeW
− + e−ν¯eW
+ 1564.0 (1876.8) − −
e+e− → ℓ+νℓW
− + ℓ−ν¯ℓW
+ 1940.0 (2910.0) − −
e+e− → ud¯W− + u¯dW+ 2159.8 (3887.6) − −
e+e− → qq¯Z − 21.8 (48.0) −
Total 8262.5 (12929.4) 243.1 (283.6) 1.5 (0.5)
Table 8. Illustrating the contribution (in fb) of different SM processes to multi-lepton final states
relevant for the NLC, running at 500 (350) GeV in the case of λ′ and λ′′ couplings. In the 6th and 8th
row, ℓ = µ, τ , while in the 9th row, the contribution is summed over the first two generations. In the
last row, the flavour sum is carried over all quarks except the t-quark.
As before, the only process which leads to > 2 leptons in the final state is e+e− → W+W−Z,
and this has a very small cross section. The single-lepton plus jets and dilepton plus jets final states,
however, which form the major signals for R-parity-violation with λ′ and λ′′ couplings, have large
backgrounds. Most of these come from final states with W bosons, and hence, the removal of states
where jet-pairs reconstruct to W -bosons could be a useful technique for background reduction.
Finally, we comment on effects of initial-state radiation (ISR) on the processes under consideration.
The signals for chargino and neutralino production arise essentially from s-channel processes and, as
such, would be enhanced by ISR effects, even though these effects are rather small. Many of the
backgrounds, however, are essentially t-channel effects and these would be suppressed rather than
enhanced by ISR. We thus feel that our analysis, which neglects ISR effects, is a conservative one.
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